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CpG islands as genomic footprints of promoters that are
associated with replication origins
Francisco Antequera* and Adrian Bird†
The primary target for DNA methylation in mammalian
genomes is cytosine in the dinucleotide CpG. High
densities of CpG dinucleotides are found in CpG
islands, but paradoxically CpG islands are normally in a
non-methylated state. Here, we speculate why CpG
islands are immune to methylation and why they are so
rich in guanine and cytosine relative to the surrounding
DNA. We propose that CpG islands are associated with
promoters that are transcriptionally active at totipotent
stages of development and can also act as origins of
DNA replication. CpG islands may be ‘footprints’ caused
by early DNA replication intermediates at dual function
promoters of this kind.
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Introduction
CpG islands are stretches of non-methylated DNA rich in
CpG dinucleotides (in which cytosine occurs immediately
5′ to guanine) that occur near the transcription start sites of
approximately 50% of all mammalian genes [1,2]. The di-
nucleotide CpG is normally a primary target for DNA
methylation, so it is surprising that CpG islands are non-
methylated. CpGs elsewhere in the genome are mostly
methylated and are under-represented due to the high
mutation rate at 5-methylcytosine. The lack of methylation
at CpG islands, together with their elevated guanine and
cytosine content relative to the genome average, results in a
frequency of CpG dinucleotides that is about 10-fold higher
than in bulk DNA. The colocalisation of CpG islands with
gene promoters suggests at first sight that the regulation of
CpG island methylation may have a role in transcription.
Indeed, a small proportion of islands do become methylated
during early mammalian development, and this contributes
to stable long-term silencing of their associated genes in
somatic cells. The vast majority of CpG islands, however,
lack methylation in the soma, even when the associated
gene is transcriptionally inactive. The immunity of these
sequences to methylation, despite the wealth of potential
sites for methylation, is one of the unresolved paradoxes of
the biology of CpG islands and probably holds the key to
understanding their origin and functional significance.
The simplest hypothesis to explain the absence of methyl-
ation in an otherwise heavily methylated genome is that
CpG island DNA is an unsuitable substrate for cytosine
DNA methyltransferases (Figure 1a). This is unlikely to
hold true, however, as CpG islands can become methy-
lated during normal development or in abnormal cells. For
example, methylated CpG islands occur naturally on the
inactive X chromosome [3] and at certain imprinted genes
[4]. Moreover, methylation of certain CpG islands accom-
panies aging and tumorigenesis, and is common in cul-
tured cell lines [5,6]. 
An alternative explanation for the absence of methylation
at CpG islands is that a complex of proteins denies access
to methyltransferases following DNA replication [1]
(Figure 1b). Precedents for this have been described: a
loss of methylation, dependent on DNA replication, has
been observed at discrete sites where transcription factors
are bound to DNA [7]. But it seems unlikely that a
methyltransferase would be sterically excluded through-
out the 1 kb length of a typical CpG island, as these DNA
sequences appear to adopt a relatively ‘open’ chromatin
structure that is highly accessible to nucleases [8–11].
A more radical hypothesis to explain CpG islands has
come from evidence for an active demethylation mecha-
nism. CpG islands, it is suggested, might be recognised
and targetted for active demethylation during early
embryogenesis [12,13] (Figure 1c).
We propose in this paper a new model to account for the
origin and maintenance of CpG islands in mammalian cells.
The model is based on the recent findings that promoters
associated with CpG islands, including those at genes
encoding proteins that are expressed in highly differenti-
ated tissues, are unexpectedly active in the germ line
[14–16] and colocalise with replication origins [17]. We
speculate that CpG islands are genomic footprints of pro-
moters that are also origins of DNA replication. 
CpG islands are associated with promoters
CpG islands are found at the promoters of all ‘housekeep-
ing’ genes and at about half of genes with tissue-restricted
expression patterns [2,18]. Because of their location, they
are frequently used as markers for the presence of genes in
uncharacterised genomic DNA [19]. There are, however, a
number of CpG islands whose spatial relationship to
known transcription start sites is not obvious. Study of
these unusual cases has ultimately strengthened the corre-
lation with transcription, as promoters whose existence was
otherwise not suspected have been discovered at the CpG
island sites. For example, the pro-opiomelanocortin gene
[20] and the class II major histocompatibility I-Aβ gene
[14] both have CpG islands that are located far downstream
of the major promoter. In each case, a novel transcript that
initiates within the CpG island is found in the testis and
other cell types. Similarly, an intronic CpG island in the
Igf2r gene of the mouse has been found to be the likely ini-
tiation site of a transcript that plays a role in parental
imprinting at the locus [21].
The correlation between transcription initiation and the
maintenance of CpG islands has been tested: point muta-
tions were introduced into the promoter of the adenine
phosphoribosyltransferase gene [11,22], and transgenic
mice containing the mutated promoters were unable to
exclude methylation from the CpG island region. Loss of
immunity to methylation was also observed at the
exon 2 CpG island of the mouse major histocompatibility I-
Aβ gene when the presumed promoter region was deleted
[14]. Taken together, these results lend weight to the idea
that promoter activity is required to ensure the methyla-
tion-free status of CpG islands. This is immediately plausi-
ble for housekeeping genes, which are non-methylated and
expressed in all cells. Genes expressed tissue-specifically,
however, have non-methylated CpG islands even in tissues
where they are silent and therefore appear to break the link
with transcription. But if transcription of these genes were
to take place early in development, the resulting absence of
methylation could be imprinted at this stage and transmit-
ted to all somatic cell lineages. In agreement with this sce-
nario, recent data have shown that CpG island genes that
encode proteins specific for differentiated somatic cells are
expressed in the germ line or very early during embryogen-
esis. Examples include human α-globin [15], myotonin
protein kinase [16], rat enkephalin [23] and pro-opiome-
lanocortin [20]. Also, transcripts of the 68 kDa neurofila-
ment gene are found in embryonal stem cells [14]. The
correlation between the presence of CpG islands and early
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Figure 1
Previously proposed mechanisms for maintaining non-methylated CpG
islands. Open and closed lollipops represent non-methylated and
methylated CpGs, respectively; the red arrows indicate initiation of
transcription. (a) CpG island DNA is a poor or unsuitable substrate for
DNA methyltransferases (DNMTs). (b) CpG islands bind proteins
along their length that deny physical access to methyltransferases.
(c) Targetted active demethylation establishes and/or maintains the
non-methylated status of CpG islands.
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embryonic expression raises the possibility that these two
phenomena are interdependent.
CpG island promoters as origins of replication
How might transcriptional activity in the early embryo lead
to a 1 kb region of non-methylated DNA? Transcription per
se is unlikely to be the cause, as the non-methylated
domain often extends upstream of the initiation site and
usually covers only a small fraction of the complete tran-
scription unit. A possible solution to this conundrum is pro-
vided by the recent finding that CpG islands are coincident
with DNA replication origins in mammalian chromosomes
[17]. Perhaps replication activity somehow leads to the
maintenance of CpG islands at promoters. Of several previ-
ously identified mammalian replication origins, three colo-
calise with CpG islands at the promoters of the human
PPV-1 gene [24,25], the heat shock protein 70 gene [26]
and the c-MYC gene [27,28]. The combined data suggest
that replication origins may be present at many and perhaps
all CpG islands. In vivo analysis of the PPV-1 origin
detected a characteristic ‘footprint’ of protein bound to
DNA in the initiation region [29,30]. Alterations in the
footprint during the cell cycle resembled the changing foot-
prints of the pre- and post-replicative complexes at Saccha-
romyces cerevisiae replication origins [31]. Changing in vivo
footprints that could be related to the initiation of DNA
replication have also been observed at the beginning of S
phase at the CpG island promoters of the human CDC2
gene [32] and the mouse Htf9 bidirectional promoter [33]. 
These results suggest that initiation sites for DNA replica-
tion and transcription colocalise in many eukaryotic genes,
as has already been established for eukaryotic viruses [34]
and mitochondrial DNA [35]. The coincidence of origins
of replication and promoters is documented in the slime
mould Physarum polycephalum [36], the fruitfly Drosophila
melanogaster [37] and the fission yeast Schizosaccharomyces
pombe (M. Gomez and F.A., unpublished observations).
The relationship is not obvious in budding yeast, although
it has been observed that transcription factors can modu-
late the activity of replication origins [38,39]. There have
been numerous hints supporting a relationship between
replication and transcription in mammals, as actively tran-
scribed genes replicate early during S phase whereas silent
genes tend to replicate late [40–44].
CpG islands as genomic footprints of the
replication initiation event
Our model for the origin of CpG islands is based on their
association with promoters that also serve as origins of repli-
cation. The key proposal is that CpG islands have a differ-
ent replication status from the rest of the genome, and their
unusual properties may therefore be a consequence of this
difference. The model assumes that origin-associated pro-
moters in eukaryotic chromosomes have features in
common with those of prokaryotic [45,46], mitochondrial
[35] and some viral genomes [47,48], where replication ini-
tially proceeds in the same direction as transcription to
form an initiation loop. For example, in mitochondrial
DNA replication, a ‘D-loop’ intermediate structure grows
for about 500 bp in the direction of transcription [35]. The
presence of an initiation loop may explain the unusual
properties of CpG islands.
Examination of the in vivo footprints of several CpG
islands shows that the 5′ extremity of the CpG island (that
is, the site at which CpG frequency suddenly increases) is
nearly coincident with the binding site of the most
upstream-bound factor (Figure 2). The organisation of the
origin-associated promoter of the human PPV-1 gene
in vivo reveals that the putative replication initiation
complex binds approximately 200 bp upstream of the sites
of four constitutive transcription factors [30]. This arrange-
ment might favour replication initiation by taking advan-
tage of the negative torsional stress that is generated
behind the RNA polymerase, as has been shown in plas-
mids and at the replication initiation zone of the c-MYC
gene [49,50]. We propose that upon firing of the origin,
DNA replication initiates at the 5′ boundary of the CpG
island and proceeds unidirectionally along the DNA
strand that normally serves as a template for the synthesis
of the mRNA. The position and length of a CpG island
would be defined by the extent of unidirectional replica-
tion. This initiation loop might represent a transient inter-
mediate upon which DNA polymerases and accessory
factors would be recruited to form mature complexes
capable of bidirectional elongation (Figure 3).
How can absence of CpG methylation and elevated guanine
and cytosine content, the two most diagnostic features of
mammalian CpG islands, result from the formation of an ini-
tiation loop? Considering first the absence of methylation, it
is likely that the DNA methyltransferase Dnmt1 has a
maintenance function (termed ‘maintenance methylation’)
that can copy the methylation pattern of CpGs of the
parental strands into the newly synthesised DNA [51].
Dnmt1 also has significant de novo methylation activity, but
additional de novo methyltransferases must be present early
in development, because mouse embryonic stem cells
lacking a functional Dnmt1 gene retain significant levels of
methylated DNA [52]. Two recently identified genes are
candidates to encode the de novo methyltransferases [53].
Lack of methylation at CpG islands would be guaranteed if
a de novo methyltransferase was not assembled onto the ini-
tiation complex or was not functional until a stage at which
replication forks were competent to proceed bidirectionally.
In this case, CpG island regions would be replicated in the
effective absence of a methylating enzyme, and would be
assured of a methylation-free status. 
The elevated guanine and cytosine content of CpG islands
could result from their replication as part of an initiation
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loop. This step of replication could use different compo-
nents from those at a mature fork, perhaps leading to a dif-
ferent spectrum of replication errors. For example,
replication by a different polymerase [54] may lead to a
drift in base composition towards greater guanine and
cytosine richness compared to surrounding DNA. Alterna-
tively, an imbalance of the pools of nucleoside triphos-
phates in favour of dCTP in early S-phase [55] could
explain the elevated guanine and cytosine content [56].
Why should the formation of CpG islands be dependent
on both transcription and replication? We propose that the
relationship arises because only active promoters recruit
proteins that are able to initiate DNA replication. By
becoming origin-associated promoters, active promoters
would generate methylation-free footprints in germ cells
and early embryonic cells (Figure 4). The resulting methy-
lation pattern would then be transmitted through somatic
cell divisions by a maintenance methyltransferase, even in
tissues where the associated promoter is subsequently
inactive. On the other hand, promoters that are silent at
these critical early stages would not recruit replication
complexes, would not accumulate guanine and cytosine
and would not be protected from de novo methylation.
The above scenario can accommodate the observed
de novo methylation of CpG islands in a variety of natural
and experimental circumstances. For example, the de novo
methylation of the CpG island at the Aprt gene that
occurs when the binding sites for the transcription factor
Sp1 are destroyed [11,22] would be caused by a failure of
the mutated promoter to recruit a replication initiation
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Figure 3
A model of unidirectional replication at the CpG islands. Opening of
the double helix and initiation of DNA synthesis takes place at the 5′
boundary of the CpG island near the binding sites for the origin
replication complex and transcription factors. Replication initially
proceeds in the direction of transcription for the length of the CpG
island. Bidirectional replication initiates upon engagement of fully
competent replication machinery, including an active DNA
methyltransferase (blue hexagon). 
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Figure 2
The asymmetrical location of CpG islands relative to transcription
factors bound in vivo. Vertical lines represent CpG dinucleotides
across the genomic DNA of four genes: the human PPV-1,
hypoxanthine phosphoribosyltransferase (HPRT) and CDC2 genes,
and the mouse adenine phosphoribosyltransferase (Aprt) gene. Only
the promoters and first exons of the HPRT and CDC2 genes are
shown. The position of the CpG islands is indicated by a bracket
above each map, and open rectangles indicate exons. TF indicates
transcription factors that are bound in vivo. ORC denotes the in vivo
footprint of a putative origin recognition complex. The footprinting data
are taken from the following references: PPV-1 [29]; HPRT [73];
CDC2 [32]; and Aprt [11].
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complex. In a similar manner, silent promoters on the
inactivated mammalian X chromosome [57] or the Xist
promoter on the active X chromosome [58,59] would be
susceptible to embryonic methylation because replication
would not initiate at these sites. In both cases, methyl-
ation would be a consequence of prior promoter silencing. 
Replication initiation at origins without CpG
islands
Not all replication origins that are near genes coincide
with CpG islands. For example, origins at the human
β-globin gene [60,61], the rat aldolase B gene [62], the
hamster rhodopsin locus [63] and the mouse adenosine
deaminase region [64] are not associated with CpG
islands. Any promoter that is inactive at the crucial
embryonic stages when the CpG island is established
will, according to the model, become methylated in
somatic cells. Embryonic transcription is an essential pre-
requisite for accumulation of the CpG island footprint
over many generations, and CpG island formation will not
occur at promoters that are only active in differentiated
somatic cells. Upon activation in a specific cell type,
however, it is conceivable that the promoter, or its associ-
ated regulatory sequences, now functions as an origin
(Figure 4). Indeed, genes expressed tissue-specifically
often shift from a late to an early replication time during S
phase [39]. Although replication initiation at such somatic
origins may resemble that proposed at CpG island origins,
no footprint can arise without transcription having
occurred in the germ cell or embryonic lineage. The
short-term loss of methylation that often accompanies the
activation of promoters without CpG islands might be
related to origin function, however. For example, the
intronic enhancer of the immunoglobulin kappa chain
gene, which becomes demethylated in B cells [65], coin-
cides with an origin [66,67].
Predictions of the model
The model outlined above is speculative, but makes some
predictions that are, or may soon become, susceptible to
experimental test. A key prediction is that any promoter
that is active during early embryogenesis should be associ-
ated with a CpG island. Put another way, we expect that
any CpG island gene will prove to be embryonically tran-
scribed. The corollary is an equally strong prediction: that
genes without CpG islands will be silent at these embry-
onic stages. So far, the results for genes that are expressed
in highly differentiated cells are compatible with the
model; for example, the CpG island genes for human
α-globin and the mouse 68 kDa neurofilament protein are
both expressed in embryonic cells, whereas the genes for
β-globin and casein, which do not have CpG islands, are
embryonically silent. More data of this kind are required.
With respect to replication, we predict that the number of
replication origins found to colocalise with CpG islands will
increase as more origins are characterised. Moreover, it
should be possible to enrich for CpG island sequences by
immunoprecipitating proteins involved in the replication
initiation complex after cross-linking to DNA. With new
methods available for mapping sites of replication initiation
[68], it will be possible to locate the exact sites of replica-
tion initiation with respect to the promoter of the gene and
in particular the transcription start site. It may be that dis-
crete CpG island promoter–origins have novel characteris-
tics compared with the diffusely initiating mammalian
origin that has been most studied up to now [69]. Another
strong prediction is that replication initiation should
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Figure 4
Transcription and replication in totipotent
(germ line or early embryonic) cells and in
differentiated somatic tissues. The red arrows
indicate the transcription of one
housekeeping gene (HK) and four tissue-
restricted genes (TR1–4). Crossed arrows
indicate transcriptional inactivity. CpG islands
are indicated by clustered vertical lines and
replication origins are represented by ellipses.
According to the model, the promoters that
are active in the totipotent cells (at the HK,
TR1 and TR3 genes) would colocalise with
replication origins and this would generate
CpG islands. Upon cell differentiation, genes
TR1 and TR2 are expressed in cell type A
whereas TR3 and TR4 are expressed in cell
type B. Promoters of the tissue-restricted
genes that were inactive in the germ
line — TR2 and TR4 — can colocalise with
replication origins in cell types where the
gene is transcribed, but this would not
generate a CpG island.
Cell differentiation
HK TR4TR3TR2TR1
HK TR4TR3TR2TR1 HK TR4TR3TR2TR1
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Replication
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Totipotent cells
depend on promoter activity. This might be tested by con-
ditionally activating a promoter from mice at different
stages of development and testing for the formation of a
non-methylated CpG island in adult cells. Though techni-
cally demanding, an equivalent experiment has been per-
formed in Drosophila [70]. At a biochemical level, the link
between transcription and initiation of replication might be
achieved by the involvement of a transcription factor(s) in
both processes [36]. For example, Sp1 is a transcription
factor that also stimulates replication of viral genomes [71]
and it may play such a dual role at CpG island origins.
Elucidating the role of methyltransferases at the replica-
tion fork will be important in assessing our model. The sit-
uation is currently complicated by the existence of
four DNA methyltransferases, only one of which, Dnmt1,
is well-characterised [53]. We speculate that Dnmt1 and
de novo methyltransferases are excluded from the machin-
ery responsible for replicating CpG island DNA, at least in
embryonic cells. Little is currently known about the struc-
ture of replication complexes immediately after initiation,
but the availability of cell-free systems capable of initiat-
ing replication in vitro [72] will make these stages experi-
mentally accessible. It may be necessary to prepare
equivalent extracts from embryonic cells to determine the
involvement of methyltransferases definitively.
Concluding remarks
Our model suggests a mechanism whereby the transcrip-
tional status of a promoter in early development is ‘memo-
rised’ by the DNA methylation pattern. Promoters that are
active early in development would exclude methylation by
recruiting the molecules that initiate DNA replication,
leading to a stretch of methylation-free DNA that coex-
tends with an initiation loop intermediate. Once formed,
this methylation-free form of the promoter would be trans-
mitted to all somatic cells by maintenance methylation. In
contrast, CpG island promoters that are not active at this
critical stage would not be able to form replication origins
and would therefore succumb to de novo methylation. The
methylated promoter would be transmitted to somatic cells
in a permanently repressed state. In this way, CpG island
promoters would be imprinted as either potentially active or
irrevocably silent for the duration of that somatic lifetime.
References
1. Bird AP: CpG-rich islands and the function of DNA methylation.
Nature 1986, 321:209-213.
2. Antequera F, Bird A: Number of CpG islands and genes in human
and mouse. Proc Natl Acad Sci USA 1993, 90:11995-11999.
3. Riggs AD, Pfeifer GP: X-chromosome inactivation and cell
memory. Trends Genet 1992, 8:169-174.
4. Razin A, Cedar H: DNA methylation and genomic imprinting. Cell
1994, 77:473-476.
5. Antequera F, Boyes J, Bird A: High levels of de novo methylation
and altered chromatin structure at CpG islands in cell lines. Cell
1990, 62:503-514.
6. Baylin SB, Herman JG, Graff JR, Vertino PM, Issa JP: Alterations in
DNA methylation: a fundamental aspect of neoplasia. Adv Cancer
Res 1998, 72:141-196.
7. Matsuo K, Silke J, Georgiev O, Marti P, Giovannini N, Rungger D:
An embryonic demethylation mechanism involving binding of
transcription factors to replicating DNA. EMBO J 1998,
17:1446-1453.
8. Wolf SF, Migeon BR: Clusters of CpG dinucleotides implicated by
nuclease hypersensitivity as control elements of housekeeping
genes. Nature 1985, 314:467-469.
9. Antequera F, Macleod D, Bird AP: Specific protection of methylated
CpGs in mammalian nuclei. Cell 1989, 85:509-517.
10. Tazi J, Bird A: Alternative chromatin structure at CpG islands. Cell
1990, 60:909-920.
11. MacLeod D, Charlton J, Mullins J, Bird A: Sp1 sites in the mouse
aprt gene promoter are required to prevent methylation of the
CpG island. Genes Dev 1994, 8:2282-2292.
12. Frank D, Keshet I, Shani M, Levine A, Razin A, Cedar H: Demethylation
of CpG islands in embryonic cells. Nature 1991, 351:239-241.
13. Fremont M, Siegmann M, Gaulis S, Matthies R, Hess D, Jost, JP:
Demethylation of DNA by purified chick embryo 5-
methylcytosine-DNA glycosylase requires both protein and RNA.
Nucleic Acids Res 1997, 25:2375-2380.
14. Macleod D, Ali RR, Bird AP: An alternative promoter in the mouse
major histocompatibility complex class II I-Aβ gene: implications
for the origin of CpG islands. Mol Cell Biol 1998, 18:4433-4443.
15. Daniels R, Lowell S, Bolton V, Monk M: Transcription of tissue-
specific genes in human preimplantation embryos. Hum Reprod
1997, 12:2251-2256.
16. Daniels R, Kinis T, Serhal PM, Monk M: Expression of the myotonin
protein kinase gene in preimplantation human embryos. Hum Mol
Genet 1995, 4:389-393.
17. Delgado S, Gómez M, Bird A, Antequera F: Initiation of DNA
replication at CpG islands in mammalian chromosomes. EMBO J
1998, 17:2426-2435.
18. Larsen F, Gundersen G, Lopez R, Prydz H: CpG islands as gene
markers in the human genome. Genomics 1992, 13:1095-1107.
19. Lindsay S, Bird AP: Use of restriction enzymes to detect potential
gene sequences in mammalian DNA. Nature 1987, 326:336-338.
20. Gardiner-Garden M, Frommer M: Transcripts and CpG islands
associated with the pro-opiomelanocortin gene and other
neurally expressed genes. J Mol Endocrinol 1994, 12:366-382.
21. Wutz A, Smrzka OW, Schweifer N, Schellander K, Wagner EF,
Barlow DP: Imprinted expression of the Igf2r gene depends on an
intronic CpG island. Nature 1997, 389:745-749.
22. Brandeis M, Frank D, Keshet I, Siegfried Z, Mendelsohn M, Nemes A,
Temper V, Razin A, Cedar H: Sp1 elements protect a CpG island
from de novo methylation. Nature 1994, 371:435-438.
23. Yoshikawa K, Aizawa T: Enkephalin precursor gene expression in
postmeiotic germ cells. Biochem Biophys Res Commun 1988,
151:664-671.
24. Giacca M, Zentilin L, Norio P, Diviacco S, Dimitrova D, Contreas G,
Biamonti G, Perini G, Weighardt F, Riva S, et al.: Fine mapping of a
replication origin of human DNA. Proc Natl Acad Sci USA 1994,
91:7119-7123.
25. Biamonti G, Perini G, Weighardt F, Riva, S, Giacca M, Norio P,
Zentilin L, Diviacco S, Dimitrova D, Falaschi A.: A human DNA
replication origin: localization and transcriptional characterization.
Chromosoma 1992, 102:S24-S31.
26. Taira T, Iguchi-Ariga SMM, Ariga H: A novel DNA replication origin
identified in the human heat shock protein 70 gene promoter.
Mol Cell Biol 1994, 14:6386-6397.
27. Vassilev L, Johnson EM: An initiation zone of chromosomal DNA
replication located upstream of the c-myc gene in proliferating
HeLa cells. Mol Cell Biol 1990, 10:4899-4904.
28. Waltz SE, Trivedi AA, Leffak M: DNA replication initiates non-
randomly at multiple sites near the c-myc gene in HeLa cells.
Nucleic Acids Res 1996, 24:1887-1894.
29. Dimitrova DS, Giacca M, Demarchi F, Biamonti G, Riva S, Falaschi A:
In vivo protein-DNA interactions at a human DNA replication
origin. Proc Natl Acad Sci USA 1996, 93:1498-1503.
30. Abdurashidova G, Riva S, Biamonti G, Giacca M, Falaschi A: Cell
cycle modulation of protein-DNA interactions at a human
replication origin. EMBO J 1998, 17:2961-2969.
31. Diffley JF, Cocker JH, Dowell SJ, Rowley A: Two steps in the
assembly of complexes at yeast replication origins in vivo. Cell
1994, 78:303-316.
32. Tommasi S, Pfeifer GP: In vivo structure of the human cdc2 promoter:
release of a p130-E2F4-complex from sequences immediately
upstream of the transcription initiation site coincides with induction
of cdc2 expression. Mol Cell Biol 1995, 15:6901-6913.
R666 Current Biology, Vol 9 No 17
33. DiMatteo G, Salerno M, Guarguaglini G, Di Fiore B, Palitti F, Lavia P:
Interactions and single-stranded and double stranded DNA-
binding factors and alternative promoter conformation upon
transcriptional activation of the HTF9-a/RanBP1 and Htf9-c
genes. J Biol Chem 1998, 273:495-505.
34. Guo ZS, DePamphilis ML: Specific transcription factors stimulate
simian virus 40 and polyomavirus origins of DNA replication.
Mol Cell Biol 1992, 12:2514-2524.
35. Clayton D: Replication and transcription of vertebrate
mitochondrial DNA. Annu Rev Cell Biol 1991, 7:453-478.
36. Pierron G, Pallotta D, Benard D: The one-kilobase DNA fragment
upstream of the ardC actin gene of Physarum polycephalum is
both a replicator and a promoter. Mol Cell Biol 1999,
19:3506-3514.
37. Sasaki T, Sawado T, Yamaguchi M, Shinomiya T: Specification of
regions of DNA replication initiation during embryogenesis in the
65-kilobase DNApolalpha-dE2F locus of Drosophila
melanogaster. Mol Cell Biol 1999, 19:547-555.
38. Li R, Yu DS, Tanaka M, Zheng L, Berger SL, Stillman B: Activation of
chromosomal DNA replication in Saccharomyces cerevisiae by
acidic transcriptional activation domains. Mol Cell Biol 1998,
18:1296-1302
39. Marahrens Y, Stillman B: A yeast chromosomal origin of DNA
replication defined by multiple functional elements. Science 1992,
255:817-823.
40. Goldman MA, Holmquist GP, Gray MC, Caston LA, Nag A:
Replication timing of genes and middle repetitive sequences.
Science 1984, 224:686-692.
41. Holmquist GP: Role of replication time in the control of tissue-
specific gene expression. Am J Hum Genet 1987, 40:151-173.
42. Hatton KS, Schildkraut CL: Replication program of active and
inactive multigene families in mammalian cells. Mol Cell Biol
1988, 8:2149-2158.
43. Schmidt M, Migeon BR: Asynchronous replication of homologous
loci on human active and inactive chromosomes. Proc Natl Acad
Sci USA 1990, 87:3685-3689.
44. Hassan AB, Errington RJ, White NS. Jackson DA, Cook PR:
Replication and transcription sites are colocalized in human cells.
J Cell Sci 1994, 107:425-434.
45. Itoh T, Tomizawa J: Formation of an RNA primer for intiation of
replication of ColE1 DNA by ribonuclease H. Proc Natl Acad Sci
USA 1980, 77:2450-2454.
46. Fuller CW, Richardson CC: Initiation of DNA replication at the
primary origin of bacteriophage T7 by purified proteins. J Biol
Chem 1985, 260:3185-3196.
47. DePamphilis ML: How transcription factors regulate origins of DNA
replication in eukaryotic cells. Trends Cell Biol 1993, 3:161-167.
48. Belanger KG, Kreuzer KN: Bacteriophage T4 initiates bidirectional
DNA replication through a two-step process. Mol Cell 1998,
2:693-701.
49. Liu LF, Wang JC: Supercoiling of the DNA template during
transcription. Proc Natl Acad Sci USA 1987, 84:7024-7027.
50. Ishimi Y, Matsumoto K, Ohba R: DNA replication from initiation
zones of mammalian cells in a model system. Mol Cell Biol 1994,
14:6489-6496.
51. Bestor TH, Verdine GL: DNA methyltransferases. Curr Opin Cell
Biol 1994, 6:380-389.
52. Lei H, Oh SP, Okano M, Jüttermann R, Goss KA, Jaenisch R, Li E:
De novo DNA cytosine methyltransferase activities in mouse
embryonic stem cells. Development 1996, 122:3195-3205.
53. Okano M, Xie S, Li E: Cloning and characterization of a family of
novel mammalian DNA (cytosine-5) methyltransferases.
Nat Genet 1998, 19:219-220.
54. Deschavanne P, Filipski J: Correlation of GC content with
replication timing and repair mechanisms in weakly expressed
E. coli genes. Nucleic Acids Res 1995, 23:1350-1353. 
55. Leeds JM, Slabaugh MB, Mathews CK: DNA precursor pools and
ribonucleotide reductase activity: distribution between the
nucleus and cytoplasm of mammalian cells. Mol Cell Biol 1985,
5:3443-3450.
56. Wolfe KH, Sharp PM, Li WH: Mutation rates differ among regions
of the mammalian genome. Nature 1989, 337:283-285.
57. Lock LF, Takagi N, Martin GR: Methylation of the Hprt gene on the
inactive X occurs after chromosome inactivation. Cell 1987,
48:39-46.
58. Beard C, Li E, Jaenisch R: Loss of methylation activates Xist in
somatic but not in embryonic cells. Genes Dev 1995, 9:2325-2334.
59. Panning B, Jaenisch R: DNA hypomethylation can activate Xist
expression and silence X-linked genes. Genes Dev 1996,
10:1991-2002.
60. Kitsberg D, Selig S, Keshet Y, Cedar H: Replication structure of the
human b-globin gene domain. Nature 1993, 366:588-590.
61. Aladjem MI, Groudine M, Brody LL, Dieken ES, Fournier RE, Wahl
GM, Epner EM: Participation of the human beta-globin locus
control region in initiation of DNA replication. Science 1995,
270:815-819.
62. Zhao Y, Tsutsumi R, Yamaki M, Nagatsuda Y, Ejiri S, Tsutsumi K:
Initiation zone of DNA replication at the aldolase B locus
encompasses transcription promoter region. Nucleic Acids Res
1994, 22:5385-5390.
63. Gale JM, Tobey RA, D’Anna JA: Localization and DNA sequence of
a replication origin in the rhodopsin gene locus of chinese
hamster cells. J Mol Biol 1992, 224:343-358.
64. Virta-Pearlman VJ, Gunaratne PH, Chinault AC: Analysis of a
replication initiation sequence from the adenosine deaminase
region of the mouse genome. Mol Cell Biol 1993, 13:5931-5942.
65. Lichtenstein M, Keini G, Cedar H, Bergman, Y: B cell-specific
demethylation: a novel role for the intronic kappa chain enhancer
sequence. Cell 1994, 76:913-923.
66. Hatton KS, Schildkraut CL: The mouse immunoglobulin kappa
light-chain genes are located in early-and late-replicating regions
of chromosome 6. Mol Cell Biol 1990, 10:4314-4323.
67. Iguchi-Ariga SM, Ogawa N, Ariga H: Identification of the initiation
region of DNA replication in the murine immunoglobulin heavy
chain gene and possible function of the octamer motif as a
putative DNA replication origin in mammalian cells. Biochim
Biophys Acta 1993, 1172:73-81.
68. Bielinsky AK, Gerbi SA: Chromosomal ARS1 has a single leading
strand start site. Mol Cell 1999, 3:477-486.
69. DePamphilis ML: Replication origins in metazoan chromosomes:
fact or fiction? Bioessays 1999, 21:5-16.
70. Cavalli G, Paro R: The Drosophila Fab-7 chromosomal element
conveys epigenetic inheritance during mitosis and meiosis. Cell
1998, 93:505-518.
71. DePamphilis ML: Eukaryotic DNA replication: anatomy of an origin.
Annu Rev Biochem 1993, 62:29-63.
72. Krude T, Jackman M, Pines J, Laskey RA: Cyclin-Cdk-dependent
initiation of DNA replication in a human cell-free system. Cell
1997, 88:109-119.
73. Hornstra IK Yang TP: Multiple in vivo footprints are specific to the
active allele of the X-linked human hypoxanthine
phosphoribosyltransferase gene 5′ region: implications for
X chromosome inactivation. Mol Cell Biol 1992, 12:5345-5354.
Review  CpG islands as genomic footprints R667
